INTRODUCTION
When an ultrasonic wave is incident on a water/solid interface generally three waves are excited in the solid: one longitudinal and two shear. The complex amplitudes of the transmitted waves depend on the material properties and the angle of incidence. At incident angles higher than the first critical angle an evanescent longitudinal wave is excited near the surface. To satisfy the boundary conditions the imaginary parts of the shear wave amplitudes become non-zero. This implies that the shear waves experience a phase shift at the water/solid interface at incident angles higher than t,he first critical.
This phenomenon affects measurements of ultrasonic wave velocity angular dependence. This paper addresses the effect of the phase shift on determination of elastic constants from angular dependence of the velocity. The procedure for correction of the experimental data for the phase shift is proposed and demonstrated on several examples. The role of the correction in elastic constant and stress determination from the velocity data is studied.
SELF-REFERENCE BULK WAVE (SRBW) METROD FOR PHASE VELOCITY MEASUREMENT
A Self-Reference Bulk Wave (SRBW) method for phase velocityangular dependance measurement has been developed [1, 2] and routinely used in our laboratory for elastic properties determination in anisotropic materials.
The basic idea of this method is illustrated in Figure 1 where the directions of the ultrasonic path are shown for an anisotropic sample immersed in a fluid. Two steps are required. First, the time for one ultrasonic wave reverberation inside the sample in the normal direction t 0 is measured and the corresponding wave velocity Vn is calculated using the known thickness of the sample h: Vn = 2h/t0 . Second, the times of fl.ight length change in the sample, the time-delay difference tlt0, between t0, and the reference timeofflight tn at normal incidence is obtained (tlte, = tn -te.) and used for phase velocity calculation.
For a generally anisotropic material, the phase velocities at refraction angle er (corresponding to the incident angle e., shown in Fig. 1 
Here V0 is the sound speed in water, h is the thickness of the sample, and ßt0 = 2h(1/Vo-1/Vn)· Since all measurements aremaderelative to the reference acoustic path in the presence of the sample, the effect of geometric imperfection is significantly reduced [2] .
An example of the measured angular dependance is shown in Figure 2 for a unidirectional graphytejepoxy composite plate. Due to a relatively small thickness of the specimen (2.5 mm) the shear wave signal can be separated in the time domain only after the first critical angle. Elastic constants reconstructed from the velocity data in Fig. 2 using the least square approximation procedure are given in Table 1 . Details on anisotropic material elastic constants determination from velocity angular dependence can be found in [3, 4] . 
PHASE CORRECTION FOR THE SHEAR WAVES AFTER THE FIRST CRITI-CAL ANGLE
An example of the measured angular dependance is shown in Figure 3 for a plexiglass plate. Due to a relatively large thickness of the sample measurements of shear wave velocity before the first critical angle were also made. One can see (Fig. 3a) that the material is nearly isotropic since the velocity does not show dependence on the propagation angle. However a closeup of the shear wave velocity at a reduced scale (Fig. 3b) demonstrates a sharp minimum in the velocity which is clearly due to some phenomenon unaccounted for in Eq. (1). The observed effect is due to the phase shift occurring in the transmitted shear wave after the first critical angle.
The phenomena of refiection and transmission at a waterfsolid interface are considered in detail in a number of papers and textbooks, for example [5, 6, 7] . Related phase changes in refiected and transmitted waves are given in [6] . It is shown that when evanescent waves are present at the water j solid interface (i.e. after the first or second critical angle) refiection and transmission coefficients become complex (R = IRiei<Pn, T = ITiei<Pr), i.e. transmitted and refiected waves experience phase shifts. Figure 4 shows the phase of the shear wave double-transmitted t hrough the plexiglass specimen. At each of two passages of the wave through the water/ solid interface (on the way forward and back) a phase shift occurs after the first critical angle.
The transmitted shear wave phase shift results in an addit ional measured time delay (Fig. 5 ) and, consequently, in erroneous shear wave velocity data. We propose to use the following procedure to correct the measured time-delay data. At first the wave velocity is calculated from the measured t ime delays using Eqn. (1) and the elastic constants are determined in the first approximation without taking phase shift into account. Based on the elastic constants found, the shear wave phase shift is calculated (Fig. 4) . The calculated phase shift is used to correct the experimentally measured time delay data: where </> is a phase shift in degrees and f is the ultrasonic wave frequency. Since the correction depends on frequency a narrow band signal should be used for the velocity measurement. Finally, the phase velocity is calculated and elastic constants are determined from the corrected time-delay data. The procedure can be repeated to improve the precision of the velocity.
An example of the shear wave velocity phase correction is shown in the Figures 6  and 7 for the plexiglass and Ti-6-2-4-2 samples. One can see that the shear wave velocity correction is most significant just after the first critical angle. Elastic constants determined from the corrected velocity data are given in Table 1 .
The effect of shear wave phase correction on elastic constant reconstruction is demonstrated in Table 1 for graphitejepoxy unidirectional composite, plexiglass, Ti-6-2-4-2 plasma sprayed plate, and Ti-24-11 rolled plate. The table shows elastic constants reconstructed from corrected and uncorrected velocity angular dependences and the percent difference between them. The largest difference is 2.3% for C55 (in Ti-24-11 rolled plate), with less than 1% difference for Cu and C33 .
EFFECT OF THE PHASE CORRECTION ON STRESS DETERMINATION FROM THE ULTRASONIC VELOCITY ANGULAR DEPENDENCE
Shear wave phase correction is very important for stress determination from the velocity angular dependence. A method for absolute stress determination from the measured ultrasonic velocity angular dependence was proposed in [8] and experimentally confirmed in [9] .
The idea of the method is the following. When the principal stress in the plane of the specimen is directed along axis 1 the ultrasonic wave velocity in the 1-3 plane can be represented as a function of five parameters: four stress dependent elastic constants and stress. Stress and stress dependent elastic constants are determined from the velocity data by least square approximation. Since velocity changes due to stress aresmall (typically below 0.1%) a very precise measurement of the ultrasonic velocity is required. Modifications of the self-reference bulk wave method to achieve higher precision are discussed in [9] . Figure 5 . Schematic of a time delay caused by a phase shift of the shear wave passing through the waterjsolid interface. To demonstrate the effect of the phase correction on the stress determination we measured the bulk wave velocity angular dependence in the plane of symmetry of the plexiglass sample (6.5in.xlin.x3/8in.) for different levels of applied stress. A special procedure was followed to ensure independence of the velocity measurement at each applied stress [9] . Figure 7a shows shear wave velocity with and without correction for the phase shift measured at zero applied stress. Figures 8a,b show the results for longitudinal and shear waves ( corrected for the phase shift) in the plexiglass sample at different applied stresses. One can see the gradual velocity decrease with applied stress; the angular dependence changes as well.
The effect of phase correction on the stress reconstruction is shown in Table 2 . For each applied stress the table shows results of stress reconstruction from the velocity data corrected and uncorrected for the phase shift. When phase correction is not used the reconstructed stresses are far from the actual stress values. When stress correction is used the reconstructed stresses are reasonably close to the applied stresses.
CONCLUSIONS
The effect of phase shift at the waterjsolid interface for an ultrasonic wave velocity measurement by a Self-Reference Bulk Wave (SRBW) method is studied. The effect of this shift on the measured shear wave velocity after the first critical angle is demonstrated. A procedure to correct the experimental data is developed.
The role of phase correction for determination of elastic constants and stress from the measured velocityangular dependence is studied. lt is shownon the example of several materials that the error in elastic constant determination due to phase shift does not exceed 2.3% for the shear modulus and is less than 1% for the longitudinal ( C11 and C33) constants. Phase correction of the shear wave velocity is found to be crucial for determination of stress from ultrasonic velocity data.
